Laser micro-hole processing has been widely used in industry. Many laser processing parameters can affect the processing results. The relationship between the geometrical shapes of micro-holes and the laser processing parameters has not been determined accurately. In this paper, experiments on the femtosecond laser drilling of the nickel-base single-crystal super-alloy (DD6) materials were conducted to determine the relationship between the parameters, such as the laser single-pulse energy, rotation rate, and downward focus rate, and the geometrical characteristics of the micro-holes, such as the diameter, and roundness. A group of orthogonal experiments were conducted to determine the effects of the comprehensive influencing factors on the geometrical characteristics of the micro-holes. After the experiments were conducted and analysed, the experimental results were modelled by a backpropagation neural network, and the mapping relationship between the laser parameters and the geometrical morphologies of the micro-holes was constructed. The model established by the backpropagation neural network could obtain accurate prediction results, and the predictions of the diameters of the micro-holes were better than those of the roundness.
Introduction
Laser micromachining has many applications in material processing, and it has received considerable attention because it can be used in nearly all of the manufacturing sectors [1] , such as in the fields of aerospace, the electronics industry [2] , biomedical engineering [3] , measurement instruments, and the automotive industry [4] . With the rapid development of all these manufacturing sectors, the accuracy requirements of the laser technology have become stricter. The short pulse or even ultarshort pulse laser (pulse duration < 10 ps) has become a reliable technology for manufacturing and production [5] and considered to be a better choice for micro-hole drilling due to its high efficiency, low loss, noncontact procession without any special fixtures for the workpiece [6] .
Laser drilling is one of the earliest laser machining technologies used in industry. Since the end of the 1990s, femtosecond lasers have been powerful tools in solid materials machining [7] . Compared with traditional long pulse lasers, femtosecond lasers have advantages in ultra-fine processing, from the submicron scale to the nanoscale, due to their extremely high peak power and multiphoton process with the materials. This advantage lies in limiting the range of energy in a small interspace in the center of focus, and not the whole area of irradiation by adjusting the incident energy. Furthermore, another advantage is the versatility in the types of materials that can be processed by femtosecond laser micromachining, such as metals, glasses, polymers, plastics, and semiconductor [8] . The multiphoton absorption and ionization threshold only hinges upon the atomic properties of the materials, not the concentration of free electrons. Theoretically speaking, the range of the heat-affected zone in femtosecond laser micromachining processing is negligible [9] , and thus, non-hot melt processing with high precision is available. Due to its ultrashort pulse duration acting on the materials in short periods of time with high power densities, the energy absorption can be controlled only in the machining region and cause materials to enter the plasma state while materials outside the machining region remains cold without heat diffusion.
The laser drilling process is a preferred method due to its unique properties of no tool wear, flexibility, and high rates [10] . Laser processing parameters have important influences on quality, efficiency, and cost. The main research parameters include the wavelength, pules width, spot radius, pules energy, repeat frequency, and rotation rate [11, 12] , which directly affects the dimensional and shape accuracy of the processed micro-holes. Furthermore, there are four common strategies in laser drilling: single pulse percussion drilling, multiple pulse percussion drilling, rotary trepanning and helical drilling [13] as shown in Fig. 1 [14] . In percussion drilling, laser pulses shaped as voxels of a particular size are focused on a desired location for the desired time to ablate materials with the same geometric dimensions as those of the voxels. For trepanning and helical drilling, the laser pulse moves in a circular route to the required diameter of the presupposed micro-hole [15] .
Although the application of femtosecond laser in drilling has attracted considerable attention in academia and industry, there are few accurate quantitative models that can describe the relationship between the laser parameters and geometrical shape of the micro-holes. In practice, the selection of parameters always depends on experiences of previous experiments, and the geometrical parameters of the micro-holes are difficult to forecast before machining. Therefore, it is vital to establish certain mapping relations between the processing parameters and geometric features. 
Materials and methods

Experimental equipment and methods
In the first experiment, lasers with different single-pulse energies, rotation rates, and downward focus rates were used to perform helical drilling. In addition, a group of L 25 (5 4 ) orthogonal experiments are processed to determine the comprehensive influences of the single-pulse energy, rotation rate, and downward focus rate on the geometrical parameters of the micro-holes. The machined material was a nickel-base single crystal super-alloy (DD6) with a thickness of 1 mm. The basic parameters of the laser system are listed in Table 1 . A KH7040A-1 5-axis numerical control machine with PHAROS high power and energy femtosecond lasers was used, as shown in Fig. 2 . The schematic diagram of the femtosecond laser machining system is shown in Fig. 3 . Although the polarization state of the light mainly affects the roundness and the surface accuracy of the micro-holes, there was no significant difference between polarized light in the quality of the micro-holes from the helical drilling [16] . Therefore, the influence of the laser polarization state factor was not considered. In the experiment, the quarter-wave plate (B) was used to convert the laser light into circularly polarized light and then focused on the surface of the processed materials. A four-optical-wedge beam rotation apparatus (E) is used to deflect the laser beam to achieve a planar helical motion. The rotary cutting module was composed of the focusing lens (F), and the laser outlet nozzle (G) could move along the material surface perpendicularly. By controlling the vertical adjustment device (H), the downward focus rate could be controlled, and combined with the planar helical movement, helical drilling could be achieved. The projection of the machining path is shown in Fig. 4 , with a 0.5 mm radius of the outermost ring. The features of the micro-holes were observed and measured using SUPRA55 field emission gun scanning electron microscope (SEM). After machining, the specimens were soaked in ethanol solution and cleaned ultrasonically to remove the liquid melt on the surfaces of the specimens before the SEM measurements. The first experiment was to determine the influence of the single-pulse energy on the features of micro-holes. The parameters that describe the features include the diameters, the roundness of entrance and exit, and the taper of each hole. The roundness of a micro-hole can be calculated by the difference of diameters of the outer contour and inner contour [17] .
The outer contour is the minimum circumscribed circle of the hole, while the inner contour means the maximum inscribed circle of the hole. A smaller means a more circular and less rough hole.
The taper can be calculated by Eq. 2.
where and denote the entrance and exit diameters, respectively. The focus of the laser was set on the platform of the specimen with a repetition rate of 100 kHz, rotation rate of 2400 r/min, and maximum processing time of 200 s. The single-pulse energy was set from 80 to 130 μJ at intervals of 10 μJ.
The second experiment examined the relationship between the rotation rate and the features of the micro-holes. Similar to the first experiment, the focus was set on the platform of the specimen with a repetition rate of 100 kHz, single pulse energy of 100 μJ, and maximum processing time of 200 s. The rotation rate was set from 600 to 2400 r/min at intervals of 300 r/min.
The third experiment aims to explore the effect of the focus downward rate on helical laser micro-holes drilling. The downward focus rate was set from 0 to 0.03 mm/s at intervals of 0.005 mm/s. The repetition rate was set to 100 kHz, the single-pulse energy was set to 100 μJ, and the rotation rate was set to 2400 r/min. The processing time was 100 s.
For all of the experiments above, blowing pressure was set to 0.5 MPa. For each set of data, three drilling processes were conducted and the average was obtained.
Orthogonal experimental design (OED)
To investigate the effect and significance of the single-pulse energy, the rotation rate and the downward focus rate on the geometric characteristics, such as the diameters and roundness of the entrance and exit of the micro-hole, the backpropagation (BP) neural network (BPNN) was used to obtain the mapping relationship between the geometric characteristics of the microholes and these parameters. L 25 (5 4 ) orthogonal experiments with three processing parameters were designed, as it can get influence relationship between experimental variables through a small amount of experiments. In the OED, the occurrence frequencies of the levels in each column were the same, and the number of occurrences of an ordinal number pair consisting of all of the data in any two columns was the same. This ensured a uniform dispersion of the experimental conditions and eliminated the interference from other factors [18] . As shown in Table 2 , a blank column was designated for the error evaluation, and five levels were set for each factor. The laser repetition rate was set to 100 kHz and the blowing pressure was 0.5 MPa. The processing time was 200 s for each micro-hole. 
Results and discussion
Effect of single pulse energy
Fig . 5 shows the variation of the diameters and roundness of the micro-holes with the single-pulse energy. This indicates that, for the exit diameter, there was a leap between 100 μJ to 110 μJ in the single-pulse energy from 543.29 μm to 951.97 μm. When the single-pulse energy is no more than 100 μJ, the shapes of the exits of the micro-holes deviate significantly from a circle, which means that for a better drilling result, a threshold of single-pulse energy is needed when the other related processing parameters are fixed. Fig. 6 shows the SEM photos of the hole exit with single pulse energy of 80 μJ and 110 μJ, the disparity of roundness is obvious. In fact, a laser with a higher single-pulse energy can produce a high metal vapor pressure that can carry away more material in a molten or liquid state [19] . Furthermore, the laser energy followed a Gaussian distribution, which caused the diameter of the focus on the processed material to increase with increasing pulse energy. During ablation, heat transfer occurred. Although the heat transfer was weak at any instant, its cumulative effect could not be neglected. The scanning path of helical drilling causes the laser to not only process at a certain point, which greatly reduces the heat accumulation and increases the heat release [20] . As the single-pulse energy increased, the entrance and exit diameters increased to maximum values and stayed in the range of about 1050 μm and 958 μm, and the taper decreased from 0.52 and remained at approximately 0.1. The roundness of the entrance and exit exhibited similar patterns, with diameters of approximately 22 μm and 68 μm. Fig. 7 shows the variation of the diameters, roundness and tapers of the micro-holes with the rotation rate. This indicates that the entrance diameter increased from the top at 1066.68 μm, then decreased and remained steady around 1045 μm as the rotation rate goes up. The exit diameter remained in the range between 937 μm to 952 μm. The entrance roundness decreased overall, but the exit roundness increased generally. The rotation rate significantly influenced the exit roundness, because as the rotation rate increased, the number of pulses during a single scanning cycle was reduced. Therefore, the effect of the rotation rate on the processing was essentially due to changes in the number of pulses. The reduction in the number of pulses during one processing cycle resulted in layer-by-layer processing to the bottom, and the corresponding reduction in the amount of erosion caused the exit roundness to deteriorate. The taper remained at approximately 0.1. Compared with other parameters, there was less influence of the rotation rate on the entrance and exit diameters of the micro-holes because the variation of the rotation rate did not affect the number and power of pulse acting on the material. Furthermore, the thermal incubation effect was not evident because the laser spot did not focus on only one area during helical drilling [21] . When the downward focus rate increased, the entrance and exit diameters exhibited the opposite trend, and thus, a sharp drop in the taper occurred. The entrance roundness remained between 20 μm and 30 μm, whereas the exit roundness fluctuated significantly. The downward focus rate was strongly connected to the defocusing amount, which is an important factor influencing the features of the micro-holes [22] . Most of the energy of the laser beam distributed over a certain range of focal depths. The focal plane was where the diameter of the beam waist was at a minimum. Defocusing means the focal plane is not coincident, the deviation distance between which is called the defocusing amount [23] . Fig. 9 shows from left to right illustrations of negative, zero, and positive defocusing. As the focal point moved downward, the negative defocusing amount causes a transition of the phase to occur only by heat transfer on the walls of the microholes. A lower ratio of gaseous to molten or liquid states causes the residues to remain bounded at the edges of holes, which enlarged heat-affected zone and decreased the area of the effective heat transfer region. As the focus moved downward, only part of the material on the surface could be melted, whereas the energy of the laser beam concentrated on the focal position moved closer to the back face of the material. Thus, the entrance diameter decreased and the exit diameter increased, causing the taper decreased as the downward focus rate increased. Fig. 10 is the photos of the entrance hole with focus downward rate of 0 and 0.03 mm/s. The difference of the taper is obvious. Influenced by residues, the non-uniform heating contributed to the great fluctuation of the exit roundness. In addition, the appearance of the cone and the change of the taper were related to the incident angle of the laser. According to the Fresnel effect [24] , when the incident angle of a laser increases, the absorption rate of materials will decrease. During processing, changing the distribution of the laser radiation intensity led to the formation of a cone. When the laser irradiated the micro-holes, the walls could not absorb all the energy, and ablation rate decreased gradually [20] . When the energy density absorbed by the material was lower than the ablation threshold, the ablation process ended. 
Effect of rotation rate
Orthogonal experimental design result and analysis
The orthogonal experiment results are shown in Table 3 . For training and testing the BPNN, another group of experiments are designed and processed (Table 4) . Range and variance analyses [25] are common methods for investigating the influence of each factor on the experiment results. In range analysis, the order of influence of the factors on the results can be seen by comparing the ranges of each factor. There are two parameters in the range analysis, and . is defined as the sum of all of the results in the experiments. denotes the sum of the results of level i in a column. is defined as the range between the maximum and minimum of for each factor.
(3) The greater the value of R of the factor is, the greater the influence of the factor is on the result. The range analysis can be used to determine the impact order of the factors intuitively, but the experimental error cannot be estimated. Moreover, the impact magnitudes of the factors cannot be indicated, especially for the OED with more than three levels. Considering the limitation of range analysis, variance analysis is necessary to determine the impact degrees or magnitudes of the factors on the results. The most important parameters in the variance analysis are the sum of squared deviations for the total, for each column, and error.
The total sum of squared deviation ( ) and the total freedom ( ) are defined as follows:
The sum of squared deviations for each factor ( ) and the freedom for each ( ) are defined as follows:
The sum of squared deviations for the experimental error (SSE) and its freedom ( ) are defined as follows:
The variances of each factor ( ) and the one of experimental error ( ) can be calculated by as follows:
where the F value is used to illustrate the magnitudes of the effects on the factors. This reflects the ratio of the sum of squared deviations of each factor to that of the experimental error. Thus, the F value of each factor is as follows: (12) In Eqs. 4 to 12, 25, 5, 4, and / 5 for L 25 (5 4 ) OED. In the F-distribution table, comparing with the value of ( , ) can determine whether the factor effect on the results is prominent or not, which is called the F-test. If is larger than , the factor effect on the results is prominent and vice versa. Usually, α = 0.05 is the demarcation of prominence, and α = 0.01 is the demarcation of high prominence [26] . In addition, if the variance of a factor is less than double the variance of the experimental error ( < 2 ), this factor can be seen as an error and its squared deviation and freedom will be added to those of the error. In the result tables, the factors meeting this criterion are marked with an asterisk '*'.
The results of the range and variance analysis are shown in Table 5 -12. All of the three factors have significant influences on the hole diameters, while the downward focus rate and the singlepulse energy are the most important factors affecting the entrance and exit diameter results, respectively. For the roundness, the rotation rate was the weakest factor, and the single-pulse energy was the main influencing factor. In the range of experimental data, there was a positive correlation between the diameters and the single-pulse energy and a negative correlation between diameters and downward focus rate. The effect of rotation rate on diameters is fluctuant. On the whole, the increase in the single-pulse energy was helpful for reducing roundness, especially for the hole exit. The entrance roundness was lower than the exit roundness in general. With a greater pulse energy, more photon energy can be absorbed by the materials. The stronger capability of laser to remove materials makes micro-holes more circular [27] . Fig. 11 represents the exit of the hole processed with single pulse energy at 80 μJ, Rotation rate at 2400 r/min and focus downward rate at 0.01 mm/s. In comparison with the exit hole shown in Fig. 6 , the focus moving down is beneficial to the exit hole for its roundness. Defocusing can improve heat transfer through the interior from entrance to exit and material at the back-side can receive the energy from laser more evenly and sufficiently. 
Prediction of micro-hole geometry characteristics with back propagation artificial neural network (ANN), modelling with artificial neural network, testing of the model
Containing functions of self-learning and self-training, artificial neural networks (ANNs) are suitable for finding relationships between data inputs and outputs, especially for nonlinear data. In general, a neural network can be seen as a mapping relationship between input and output variables [28] . Similar to a biological brain, a neuron is the basic unit of an ANN. One certain neuron in each layer in the network is connected to each neuron in the previous and the next layers. An ANN is a black box that can avoid difficulties in data analysis and modelling. It is suitable for data with uncertainties and a lack of structure. The BPNN is a multilayer feedforward neural network that uses an error back-propagation algorithm [29] . It is widely used in experimental data modelling, even if the mapping relationship seems complex and difficult to formulate [30] .
Before establishing the BPNN model, experimental data should be normalized to improve the efficiency and sensitivity while training and to prevent overfitting. To ensure that the BPNN model has the ideal extrapolation capability, normalized pre-treatment values should be in the range of 0.2 to 0.8.
The data pre-treatment can by calculated as follows:
The reverse data pre-treatment can by calculated as follows:
In Eqs. 13 and 14, represents a certain value in the original data of each factor, and is the corresponding value in the pre-treatment data of each factor, and are the maximum and minimum values in original data of each factor, respectively.
Of all of the training algorithms used in BPNN, the Levenberg-Marquardt algorithm was an optional one, as it can adjust the network training parameters automatically to ensure the network has real-time updating for its applicable training methods [31] . The common transfer functions used in BPNNs include the hyperbolic tangent sigmoid function (tansig), logarithmic sigmoid function (logsig), and linear function ( ). Based on previous research [32] , using the tansig function as the transfer function in the input-hidden layer and the linear function in hidden-output layer can obtain the best optimization in most BPNN modelling. For a BPNN with there or more layers, the network model can approximate a nonlinear function infinitely as long as there are sufficient neurons [33] . Therefore, the BPNN configuration used in this study contained one input layer, one hidden layer and one output layer. The neural network toolbox in MATLAB was used to establish the BPNN model.
It is important to determine the proper number of neurons in the hidden layers. Including too many neurons may lead to the problems like over-fitting and local minima. To ensure the network performance and generalization ability are sufficiently high, the structure of the network should be as compact as possible to achieve high precision. With the experimental formulas ∑ (where is for the number of data for the input layer, is the number of neurons in hidden layer, and is the number of neurons in the input layer), √ (where is the number of neurons in the output layer, ∈ 1,10 ) [34] , and log [35] , the number of neurons was selected as 26. As a result, the BPNN with the topological structure of 3-26-4 was chosen. After training the model 49 times, the network converged. Table 13 shows the comparison of the predicted results in this model and the practical experimental data. The total average of the error was 4.06 %. The errors in the diameter were smaller than those of roundness. The factors and scope of the parameters that affected the roundness were more complex than the diameters, which may have caused the roundness values to be more difficult to predict and have a larger deviation than the diameters. The highest error of the result was less than 7 %. 
Conclusion
By laser helical drilling experiments, rules for the machining parameters and geometric morphological characteristics of micro-holes were determined in this study. In the range of 80 μJ to 130 μJ, with the single pulse energy increasing, the diameters increased. The Diameter and roundness of the entrance and exit tended to be stable, while the taper exhibited a slight change. The increase in the rotation rate of the laser can lead to a fluctuation in a range in the values of diameters, but the taper remained almost invariant. The downward focus rate had a remarkable influence on the characteristics of the micro-holes. With the defocusing rate increasing, the diameters changed greatly. The OED shows that when the single-pulse energy was in the range of 60 μJ to 100 μJ, the focus downward rate had the most significant effect on the entrance diameter. The single-pulse energy effect has the most significant effect on the exit diameter and the roundness.
In addition, a BP neural network was used to establish a mapping relationship based on the laser parameters and characteristics of micro-holes with an average error of less than 5 % and the maximum error of less than 7 %. Thus, the results of the laser drilling experiments were predictable, and this process was convenient for optimizing the process parameters, which could be applied to industrial practice.
Further research may concentrate on exploring the effect of other laser processing parameters, and different modelling methods for constructing the mapping relationship between the laser parameters and the geometrical morphologies of the micro-holes.
